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We conducted time-resolved luminescence spectroscopy on self-assembled InP dots in a Ga0.5In0.5P matrix
at different photon excitation energies. In comparison with results on Ga0.5In0.5P without dots, the influence of
the Ga0.5In0.5P matrix on luminescence-decay profiles of InP dots was clarified. By excitation at the Ga0.5In0.5P
matrix, the long-decay component (;50 ns!, as well as the 400 ps radiative-decay component, was observed
in luminescence of InP dots. This long-decay component reflects carrier lifetime in the Ga0.5In0.5P matrix.
Carrier injection time from the Ga0.5In0.5P matrix to InP dots is estimated to be ;100 ps, and is determined by
carrier diffusion in the matrix. @S0163-1829~98!00903-5#Nanostructures showing three-dimensional size confine-
ment have attracted increasing attention due to their unique
physical properties and potential device applications. Direct
growth of self-assembled dot systems using molecular-beam
epitaxy or metal organic vapor-phase epitaxy is promising,
since it enables small, good-quality quantum dots to be
fabricated.1–6 Room-temperature lasing operation in a self-
assembled dot system was reported recently.7,8 In such ap-
plications, carriers are injected into a matrix and transported
to dots. In many basic studies of optically excited self-
assembled dot systems, the matrix rather than dots was pho-
toexcited. This is because dots are distributed in a thin layer,
making the number of directly excited carriers in dots very
small. Research on carrier dynamics from the matrix to dots
and on the effect of the matrix on dot luminecence proper-
ties, which remains relatively limited, is quite important.
Here we report time-resolved luminescence spectroscopy
of InP dots in a Ga0.5In0.5P ~Ga 0.5In 0.5P lattice matched to
GaAs! matrix under excitation at different wavelengths. By
comparing results on Ga0.5In0.5P without dots, carrier dynam-
ics from the matrix to dots is discussed.
Of the two samples used, one was Ga0.5In0.5P without dots
and the other was self-assembled InP dots embedded in a
Ga0.5In0.5P matrix ~InP/Ga0.5In0.5P). Note that the term ‘‘ma-
trix’’ refers to the Ga0.5In0.5P matrix in InP/Ga0.5In0.5P, not to
the Ga0.5In0.5P sample without dots. The Ga0.5In0.5P sample
without dots was 500 nm thick and deposited on a 300 nm570163-1829/98/57~3!/1386~4!/$15.00GaAs buffer layer grown on a GaAs~100! substrate using
gas-source molecular-beam epitaxy. The InP/Ga0.5In0.5P
sample nominally has 4 ML InP sandwiched by the 300 nm
Ga0.5In0.5P layers grown on GaAs. The typical diameter of
InP self-assembled islands is 70 nm, their typical height 7
nm, and their density ;1010 cm 22, as are measured by
atomic force microscopy.
The excitation source was ;300 fs pulses of 1.85–2.03
eV photon energy from an optical parametric amplifier
whose source was a titanium-sapphire laser regenerative am-
plifier. The laser spectral width was ;30 meV and the rep-
etition rate 200 kHz. Laser light was focused onto a spot
;200 mm in diameter. Samples were directly immersed in
superfluid helium at 2 K. Sample photoluminescence was
spectrally resolved using a 0.6 m monochromator and de-
tected using a charge-coupled device camera. Luminescence
spectra were corrected by the wavelength-dependent sensi-
tivity of the apparatus. Temporal changes of luminescence
were obtained by a single-photon counting technique using a
microchannel plate photomultiplier ~time range 100 ns!, or
by using a syncroscan streak camera ~1000 ps!.
Figure 1~a! shows luminescence spectra of Ga0.5In0.5P
~above! and InP/Ga0.5In0.5P ~below!. The excitation photon
energy was 2.03 eV and the density 0.1 mJ/cm 2. In the
Ga0.5In0.5P sample, luminescence was located at 1.952 eV.
Luminescence at about 1.75 eV also appeared in the
InP/Ga0.5In0.5P sample, and is attributed to InP dots. No lu-1386 © 1998 The American Physical Society
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layer, and this InP/Ga0.5In0.5P sample is therefore assumed to
not have such a layer.
Figure 1~b! shows luminescence spectra of the
InP/Ga0.5In0.5P sample excited at 2.03, 1.97, 1.94, and 1.85
eV for an excitation density of 10 mJ/cm 2. This density is
100 times larger than that used in Fig. 1~a!. The top spectrum
in Fig. 1~b! is broader than the dot luminescence spectrum in
Fig. 1~a!, and the peak energy shows a blueshift. This indi-
cates state filling in dots.9 In Fig. 1~b!, the luminescence
intensity decreases with excitation photon energy. The exci-
tation spectrum of the dots is thus obtained as plotted by
crosses in Fig. 1~a!. Intensity decreases rapidly at about
1.952 eV, indicating that carriers luminescing from dots are
created mainly in the Ga0.5In0.5P matrix. When the matrix
was excited by photon energy exceeding 1.952 eV, the dot
luminescence intensity was ;30 times larger than that ob-
tained by exciting only dots with a photon energy less than
1.952 eV.
Figure 2~a! shows temporal changes of the luminescence
of the InP dots measured at 1.75 eV, that is, luminescence
peak of InP dots in Fig. 1~a!. The excitation photon energies
were 2.03, 1.94, and 1.85 eV, and the excitation density was
10 mJ/cm 2. A dotted line in the figure is a measured laser
profile showing the system response. All three profiles show
a fast decay component resembling the laser profile.10 When
higher dot levels were excited directly by photon energies
from 1.85 to 1.91 eV, no slow luminescence rise was ob-
served. This means the absence of a ‘‘phonon bottleneck.’’11
In addition to the fast decay component, a longer decay
component with a ;50 ns decay time was observed in the
top profile in Fig. 2~a!. This longer component was observed
even at a lower excitation density of 0.1 mJ/cm 2. In Fig.
2~a!, the long decay component decreases with excitation
FIG. 1. ~a! Luminescence spectra of Ga0.5In0.5P ~above! and
InP/Ga0.5In0.5P ~below! at 2 K. The excitation photon energy is 2.03
eV and the density 0.1 mJ/cm 2. Crosses show the excitation spec-
trum of InP dot luminescence. Circles show contribution of the long
decay component to decay profiles of InP dot luminescence. ~b!
Luminescence spectra of InP/Ga0.5In0.5P at 2 K under excitation
photon energies of 2.03, 1.97, 1.94, and 1.85 eV ~top to bottom!.
Excitation densities are fixed at 10 mJ/cm 2.energy. The bottom profile has no longer component, and
can be fitted well to the convolution of the 400 ps single
exponential decay and the system response over three orders
of luminescence magnitude. This decay time (400650) ps
agrees with reported data,12,13 and is attributed to the radia-
tive lifetime of InP dots. By subtracting the bottom profile
taken for excitation at 1.85 eV from other decay profiles, we
estimated the contribution of the longer decay component in
all profiles. Circles in Fig. 1~a! show the time-integrated in-
tensity of the long decay component plotted against the ex-
citation photon energy. This shows that the long component
decreases rapidly with excitation energy crossing Ga0.5In0.5P
energy of 1.952 eV. This result suggests that the long com-
ponent is attributable to the Ga0.5In0.5P matrix.
Figure 2~b! shows temporal changes of Ga0.5In0.5P lumi-
nescence at 1.952 eV from the Ga0.5In0.5P sample without
InP dots ~above! and the Ga0.5In0.5P matrix in the
InP/Ga0.5In0.5P sample ~below!. The excitation photon en-
ergy was 2.03 eV and the density 10 mJ/cm 2. Both profiles
are similar, having a longer decay component, and resemble
that of dot luminescence obtained using 2.03 eV excitation
shown as the top profile in Fig. 2~a!. Therefore, it is con-
cluded that the long decay component in dot luminescence
stems from the Ga0.5In0.5P matrix. When the InP/Ga0.5In0.5P
sample is excited by photon energy exceeding 1.952 eV,
carriers are produced in the Ga0.5In0.5P matrix and trans-
ported to InP dots. Thus the decay time of the InP dot lumi-
nescence is governed by the decay time of the matrix lumi-
nescence, that is, by carrier lifetime in the Ga0.5In0.5P matrix.
FIG. 2. ~a! Temporal changes of the luminescence of InP dots
detected at 1.75 eV ~detection width 10 meV! under excitation pho-
ton energies of 2.03, 1.94, and 1.85 eV ~top to bottom!. The dotted
line is the measured laser profile, indicating system response. ~b!
Temporal changes of Ga0.5In0.5P luminescence at 1.95 eV ~detection
width 2 meV! from the Ga0.5In0.5P sample without dots ~above! and
the Ga0.5In0.5P matrix including InP dots ~below!. The excitation
photon energy is 2.03 eV. In ~a! and ~b!, excitation densities are
fixed at 10 mJ/cm 2, and the temperature is 2 K. Results are plotted
on a log scale, and displaced vertically for clarity.
1388 57BRIEF REPORTSThe long decay component can be explained by localized
electrons and/or holes in tail states below conduction and/or
valence-band edges in Ga0.5In0.5P. One possible origin of
these tail states is defects or alloy fluctuations in Ga0.5In0.5P.
Another is Ga0.5In0.5P ordering. Certain growth conditions
are known to lead to a spontaneous long-range ordering of
the usually disordered Ga-In sublattice of the III-V zinc-
blende structure.14 In such ordered Ga0.5In0.5P, long photolu-
minescence decay components are observed.15 In addition,
ordered Ga0.5In0.5P is reported to show lower luminescence
energy than disordered Ga0.5In0.5P,14 and polarization-
dependent photoluminescence.16 These two phenomena were
observed also in our samples. Thus, the 50 ns long decay
component shown in Fig. 2 may come from ordered
Ga0.5In0.5P, although further study may be needed to confirm
this. At the very least, it is clarified that InP dot lumines-
cence shows the long decay component reflecting the carrier
lifetime in the Ga0.5In0.5P matrix.
Although the 50 ns decay component exists similarly, de-
cay profiles less than 10 ns region differ in Fig. 2~b!. Dots in
Fig. 3 show expanded temporal changes of the Ga0.5In0.5P
luminescence at 1.95 eV in ~a! the Ga0.5In0.5P sample with-
out InP dots and ~b! the InP/Ga0.5In0.5P sample. In Fig. 3~c!,
the temporal change of InP dot luminescence at 1.75 eV is
shown. The excitation photon energy was 2.03 eV and the
density 3 mJ/cm 2.
The dashed line in Fig. 3~a! is a measured temporal
change of the laser. The time resolution is ;20 ps. The
luminescence decay profile of Fig. 3~a! shows slow lumines-
cence rise. This may be attributable to state filling in low-
energy tail states and carrier relaxation from higher-energy
states of Ga0.5In0.5P. It is because fast luminescence rise less
FIG. 3. Expanded temporal changes ~up to 1000 ps time region!
of Ga0.5In0.5P luminescence at 1.95 eV ~detection width 6 meV!
from ~a! the Ga0.5In0.5P sample without dots and ~b! the Ga0.5In0.5P
matrix including InP dots, and of ~c! the InP dot luminescence
detected at 1.75 eV ~detection width 6 meV!. The excitation photon
energy is 2.03 eV, the density is 3 mJ/cm 2, and the temperature is 2
K. Results are plotted on a linear scale. The dashed line in ~a!
shows the measured laser profile, indicating the system response.
The line in ~b! @or ~c!# is a fit of the convolution between function
exp~2t/td) @or exp(2t/td)$12exp(2t/tr)%] and the laser profile.than the time resolution and fast decay less than 100 ps were
observed at a higher luminescence energy of 1.96 eV.
Although the decay profile of Fig. 3~a! shows a slow lu-
minescence rise, the decay profile of Fig. 3~b! shows a fast
rise less than the time resolution and a faster decay than that
of Fig. 3~a!. The line in Fig. 3~b! is a fit of the convolution
between the laser profile and a single exponential decay with
130 ps decay time. The difference in decay profiles of Figs.
3~a! and ~b! can be attributable to InP dot introduction to
Ga0.5In0.5P. In quantum-well systems, carrier capture time
was studied.17,18 While quantum capture or carrier thermali-
zation dominates the capture time for samples with thin bar-
riers, carrier transport to wells dominates the time for
samples with barriers thicker than 50 nm.17 Because the
width of the Ga0.5In0.5P matrix in the InP/Ga0.5In0.5P sample
used in Fig. 3~b! is 300 nm, the difference between decay
profiles of Figs. 3~a! and ~b! is attributed to the carrier trans-
port from the Ga0.5In0.5P matrix to InP dots. Carriers are
injected into InP dots at the time constant of the decay time
in Fig. 3~b!. The rise times differ in Figs. 3~a! and ~b!, be-
cause state filling does not occur in the Ga0.5In0.5P matrix in
the InP/Ga0.5In0.5P sample. This in turn is due to the low-
energy tail states of Ga0.5In0.5P not occupied long enough by
the carrier for the escape to dots.
Carrier injection from the matrix to dots is confirmed by
the slow luminescence rise of InP dots shown in Fig. 3~c!.
The line in Fig. 3~c! is convolution fitted between the laser
profile and function exp~2t/td)$12exp~2t/tr)%, where the
decay time td5800 ps and the rise time tr550 ps.
The 130 ps decay time in Fig. 3~b! is expected to coincide
with the 50 ps rise time in Fig. 3~c!. This difference is prob-
ably induced by intense laser excitation of 3 mJ/cm 2. When
excitation density was 10 mJ/cm 2, the luminescence decay
time of the Ga0.5In0.5P matrix was 150 ps and the rise time of
InP dots was 30 ps. The difference became larger, probably
due to state filling of low-energy tail states of Ga0.5In0.5P.
Intense excitation causes filling of higher Ga0.5In0.5P states
and, in turn, carrier relaxation to lower Ga0.5In0.5P states.
This effect observed in the Ga0.5In0.5P sample without dots in
Fig. 3~a! prolongs the decay time of Ga0.5In0.5P lumines-
cence in the InP/Ga0.5In0.5P sample. Carrier injection directly
from higher Ga0.5In0.5P states to InP dots shortens the rise
time of the dot luminescence. In the limit of weak excitation,
the luminescence decay time of the Ga0.5In0.5P matrix and
the rise time of InP dots would agree. Given these consider-
ations, the carrier injection time from the Ga0.5In0.5P matrix
to InP dots is estimated to be on the order of 100 ps.19
We analyzed decay curves in Fig. 3 using phenomeno-
logical functions to obtain the carrier injection time.18 Al-
though carrier dynamics in the 300-nm-thick Ga0.5In0.5P ma-
trix sandwiching InP dots could be described using a one-
dimensional diffusion equation,20 a simple estimation should
be sufficient.17 When we assume that carrier diffusion length
at 100 ps is 300 nm in the InP/Ga0.5In0.5P sample, the diffu-
sion coefficient at 2 K is 9 cm 2/s. This may be a reasonable
value, since the coefficient of Ga0.5In0.5P at room tempera-
ture is reported to be 6.9 cm 2/s.21 The diffusion length at 25
K in the lateral direction was estimated to be 1 mm by
cathodoluminescence in the sparse InP dot sample in
Ga0.5In0.5P.9 Using the above diffusion coefficient of 9
cm 2/s, we calculate the carrier lifetime in Ga0.5In0.5P to be
57 1389BRIEF REPORTS900 ps. This is about the same as the dominant luminescence
decay time of the Ga0.5In0.5P sample shown in Fig. 2~b! or
Fig. 3~a!.
In summary, we have conducted time-resolved lumines-
cence spectroscopy on self-assembled InP dots in a
Ga0.5In0.5P matrix at different photon energy excitations.
These results were compared to those for Ga0.5In0.5P without
dots grown under the same condition. Long decay compo-nent (;50 ns! was observed for InP dot luminescence decay
profiles, reflecting carrier lifetime in the Ga0.5In0.5P matrix.
The carrier injection time from the Ga0.5In0.5P matrix to InP
dots was estimated to be ;100 ps. The carrier diffusion in
the matrix was found to determine this injection time.
One of us ~T.O.! acknowledges financial support of the
Ogasawara Foundation for the Promotion of Science and
Engineering.1 D. Leonard, M. Krishnamurthy, C.M. Reaves, S.P. Denbaars, and
P.M. Petroff, Appl. Phys. Lett. 63, 3203 ~1993!.
2 J.M. Moison, F. Houzay, F. Barthe, L. Leprince, E. Andre, and O.
Vatel, Appl. Phys. Lett. 64, 196 ~1994!.
3 M. Grundmann, N.N. Ledentsov, R. Heitz, L. Eckey, J. Christen,
D. Bimberg, S.S. Ruvimov, P. Werner, U. Richter, U. Gosele, J.
Heidenreich, V.M. Ustinov, A. Yu. Egorov, A.E. Zhukov, P.S.
Kop’ev, and Zh.I. Alferov, Phys. Status Solidi B 118, 249
~1994!.
4 J. Ahopelto, A.A. Yamaguchi, K. Nishi, A. Usui, and H. Sakaki,
Jpn. J. Appl. Phys. 32, L32 ~1993!.
5 N. Carlson, W. Seifert, E. Peterson, P. Castillo, M.-E. Pistol, and
L. Samuelson, Appl. Phys. Lett. 65, 3093 ~1994!.
6 A. Kurtenbach, K. Eberl, and T. Shitara, Appl. Phys. Lett. 66, 361
~1995!.
7 J. Temmyo, E. Kuramochi, M. Sugo, T. Nishiya, R. No¨tzel, and
T. Tamamura, Electron. Lett. 31, 209 ~1995!.
8 H. Saito, K. Nishi, I. Ogura, S. Sugou, and Y. Sugimoto, Appl.
Phys. Lett. 69, 3140 ~1996!.
9 P. Castrillo, D. Hessman, M.-E. Pistol, S. Anand, N. Carlsson, W.
Seifert, and L. Samuelson, Appl. Phys. Lett. 67, 1905 ~1995!.
10 A slight difference can be observed in fast decay components
among the different excitation energies in Fig. 2~a!. The profile
excited by 2.03 eV has slightly slower decay than that excited by
1.85 eV. This comes from carrier transport in the Ga0.5In0.5P
matrix, which will be discussed in Fig. 3.
11 H. Benisty, C.M. Sotomayor-Torres, and C. Weisbuch, Phys.
Rev. B 44, 10 945 ~1991!.12 K. Kurtenbach, W.W. Ru¨hle, and K. Eberl, Solid State Commun.
96, 265 ~1995!.
13 D. Hessman, P. Castrillo, M.-E. Pistol, C. Pryor, and L. Samuel-
son, Appl. Phys. Lett. 69, 749 ~1996!.
14 A. Gomyo, T. Suzuki, S. Iijima, H. Hotta, H. Fujii, S. Kawata, K.
Kobayashi, Y. Ueno, and I. Hino, Jpn. J. Appl. Phys. 27, L2370
~1988!.
15 J.E. Fouquest, V.M. Robbins, J. Rosner, and O. Blum, Appl.
Phys. Lett. 57, 1566 ~1990!.
16 A. Mascarenhas, S. Kurtz, A. Kibbler, and J.M. Olson, Phys. Rev.
Lett. 63, 2108 ~1989!.
17 B. Deveaud, J. Shah, T.C. Damen, and W.T. Tsand, Appl. Phys.
Lett. 52, 1886 ~1988!.
18 J. Feldmann, G. Peter, E.O. Go¨bel, K. Leo, H.-J. Polland, K.
Ploog, K. Fujiwara, and T. Nakayama, Appl. Phys. Lett. 51, 226
~1987!.
19 If all carriers in the Ga0.5In0.5P matrix are transported to InP dots
in an injection time of ;100 ps, luminescence decay profiles of
the Ga0.5In0.5P matrix and InP dots in the
InP/Ga0.5In0.5P sample would not have the 50 ns decay compo-
nent. This is not the case, however, which indicates the coexist-
ence of small amounts of carriers with a slower injection time.
20 Y.-G. Zhao, R. Jing, Y.-H. Zou, Z.-J. Xia, X.-L. Huand, W.-X.
Chen, and R.A. Masut, Appl. Phys. Lett. 68, 696 ~1996!.
21 M. Prasad, O.E. Martinez, C.S. Menoni, J.J. Rocca, J.L.A. Chilla,
M.J. Hafich, and G.Y. Robinson, J. Electron. Mater. 23, 359
~1994!.
